MutL genes, suggesting a potential functional role in The human PMS2 mismatch repair gene and a family mismatch repair. Horii et al. (8) used degenerate oligoof at least 17 other related genes (named human PMSR nucleotide primed reverse transcription PCR of total or PMS2L genes) have been localized to human chro-human stomach RNA followed by screening of human mosome 7. Human PMS2 has been mapped previously fetal brain libraries and identified at least six PMS2L to 7p22 and shown to be causative in hereditary non-transcribed sequences that were named hPMS3-polyposis colon cancer (HNPCC), but the human hPMS8. These cDNA clones were then used to identify PMS2L genes have not been positioned in the context cosmid clones, and DNA sequence analysis resulted in of the physical or genetic map of chromosome 7. In this the identification of at least 3 additional PMS2L genes, study we have used various mapping methodologies to suggesting that these genes may occur in clusters. Sidetermine the precise location of the human PMS2L multaneously, Nicolaides et al. (19) used a similar apgenes at 7q11.22, 7q11.23, and 7q22. Within 7q11.23, hu-proach to identify from a small intestine cDNA library man PMS2L genes were found to be present at at least and a genomic P1 library at least 8 different PMS2L three sites as part of duplicated genomic segments genes named hPMSR1-hPMSR8 (19). All of the genes that flank the most common rearrangement break-
that flank the most common rearrangement breakmapped to chromosome 7 but they contained a high points in Williams syndrome. ᭧ 1997 Academic Press degree of DNA sequence identity in both the exons and the introns, making regional localization experiments difficult. As a result, only hPMSR5 (PMS2LP1) and The PMS genes belong to a family of mismatch repair hPMSR2 (PMS2L8) could be mapped to a broad region genes originally identified in bacteria and yeast (13, at 7q11 and 7q22, respectively (19). Moreover, cosmids 33). The human PMS proteins have greatest homology containing the hPMS genes always hybridized to multito the yeast PMS proteins but also share conserved ple locations on chromosome 7, which revealed only the sequences with mutL from Escherichia coli and its approximate cytogenetic positions of the genes (Refs. 8 other human homologues hMSH2 and hMLH1 (8) . Deand 19 ; also see Fig. 1 ). fects in the DNA mismatch repair system are associIn our effort to construct a fully integrated map of ated with an increased risk of accumulation of mutahuman chromosome 7 (30), we have used several methtions in genes involved in tumorigenesis (5, 23) , leading odologies to determine a more precise location of the to an increased risk of cancer. Germline mutations in PMS2L genes on the chromosome. First, for the hPMS2 the mutL homologues hMSH2 (15), hMLH1 (22), gene, PCR primers specific for the 3UTR (5-CAACCAhPMS1, and hPMS2 (17) have been identified in fami-TGAGACACATCGC-3 and 5-AGGTTAGTGAAGAClies with hereditary nonpolyposis colorectal cancer TCTGTC-3) (19), which was shown previously to map (HNPCC), indicating that some of these genes play imto 7p22, were used to screen the G4 radiation hybrid portant and distinct roles in tumor suppression.
(RH) panel (from Research Genetics) and a collection The hPMS1 and hPMS2 genes were previously of chromosome 7-specific yeast artificial chromosome mapped to chromosome regions 2q31-q33 and 7p22, (YAC) clones (27) . No YACs were identified but the respectively (17). At least 17 other human PMS-related gene could be located using RH hybrids between the (hPMSR or PMS2L) genes have been identified (8, 19) . microsatellite markers D7S517 and D7S481, thereby These PMS2L genes are highly conserved with the integrating the cytogenetic, genetic, and physical posiThe HGMW-approved symbols for the genes described in this pa-tions of the hPMS2 gene on 7p.
per are PMS2LI-PMS2LII, PMS2LP1 and PMS2LP2 Second, all of the hPMS cDNA probes (8) established (19) , so the precise position of these genes is now determined within 7q22 and 7q11, respectively (Fig. 2) . Previous studies have demonstrated that D7S489 is duplicated in three places in 7q11.23 (the three loci are all within 2 Mb of one another and have been named D7S489-A, D7S489-B, and D7S489-C) (25, 26). Our observations indicate that PMS2L genes are located in close proximity to each of the D7S489 loci (Fig. 2) .
Cosmids 43a11, 165g7, and PAC 76h2 were examined by fluorescence in situ hybridization (FISH) to human metaphase spreads. Cosmid 165g7 and PAC 76h2 were chosen since they were known to contain the D7S489-C marker and the CUTL1 gene and therefore must originate from 7q11.23 and 7q22, respectively. In each experiment, however, an identical pattern of (8) does not produce the same ratio of result). The signal at 7p22 was difficult to observe when the cDNA intensities as is observed when using the genomic probe was used. We failed to observe a specific signal above backclones, suggesting that larger cosmids, PACs, and ground at 7p13 using the cosmids, PACs, or cDNA probes as was observed in a previous study (18) . Moreover, genomic library screenYACs contain additional DNA sequences other than ing did not detect clones from this region.
PMS2L that contribute to the cross-hybridization. In support of this we have observed that in addition to D7S489, at least three other markers (IB291, YAC clones, and the RPCI-1 human genomic P1-derived artificial chromosome (PAC) library (10) . A total D7S1490, and D7S1778,) are also located in at least three places at 7q11.23 (Fig. 2) near the PMS2L loci. of 200 cosmids, 17 YACs, and 23 PACs were identified. The identity of each clone was confirmed by restriction
The location of PMS2L genes near the D7S489-B and D7S489-A loci is of particular interest in the study of enzyme digestion and blot hybridization experiments. The genomic clones gave distinctive fingerprints upon Williams syndrome (WS) since the former two loci reside near the centromeric and telomeric boundaries, blot hybridization with each hPMS probe, which allowed the cloned DNA segments to be grouped (data respectively, of the common deletion breakpoints in this contiguous deletion syndrome (25). D7S489-C apnot shown). Due to the high degree of similarity of DNA sequence between each of the PMS2L genes, it was not pears not to be deleted in WS patients (26). Determining the exact site of the deletion breakpoints has been possible using this methodology to distinguish which gene corresponded to which genomic clone. However, complicated because of the presence of the three duplicated stretches of DNA in the region. Previous studies positive hybridization to genomic clones that were previously characterized and positioned on the map al-have shown that most of the distal deletion breakpoints occur between D7S1870 and D7S489-A (7, 25). Therelowed the identification of, in addition to hPMS2 at 7p22, at least five regions of 7q containing PMS2L fore, it is possible to position the majority of the telomeric WS rearrangement breakpoints somewhere genes (Fig. 2) . The PMS2L genes hybridized to representative genomic clones from contigs that contained within YAC clones HSC7E640 and HSC7E902, which contain the PMS2LP1, D7S489-A, IB291, D7S1490, the following reference markers (see Fig. 2 ); (a) YACs HSC7E295 and CGM2c1 containing the POM/POM-ZP3 and D7S1778 loci. Two studies have now shown that a high percentage of WS deletions occur by a mechanism genes at 7q11.2; (b) YACs HSC7E280 and HSC7E891, which contain NCF1, IB291, D7S1778, and D7S2479 of unequal meiotic crossover (4, 31) . Based on the observations reported in the present study, one might hyat 7q11.23; (c) YAC HSC7E512 containing D7S489-B and D7S2518 at 7q11.23; (d) YACs HSC7E640, pothesize that an unequal recombination event involving the duplicated regions could generate a deletion HSC7E902, and PAC286c17 containing the D7S489-A marker at 7q11.23; and (e) YAC HSC7E782 and PACs (and with equal frequency a chromosomal duplication) in a manner analagous to that observed in hereditary 76h2 and 770p8, which contain CUTL1 at 7q22. PCR primers specific for PMS2L8 and PMS2LP1 have been neuropathy with liability to pressure palsies (HNPP)
FIG. 2.
Physical localization of PMS2L gene on chromosome 7. The position of the hPMS2 gene and five other PMS2L loci within the context of nearby chromosome 7 reference markers could be determined by radiation hybrid and cosmid-PAC-YAC analysis. The cytogenetic localization was based on the results from Fig. 1 and previous experiments that mapped genomic clones containing the reference markers to individual bands. The relative position of the three PMS2L genes at 7q11.23 and corresponding genomic clones in the Williams syndrome (WS) region is schematically shown. The location of STX1A, ELN, LIMK1, WBSCR1, RFC2, and D7S1870 within the WS region (20, 21) and D7S489-A (the 145-bp band), D7S489-B (the 175-bp band), and D7S489-C (the 165-bp band) (25) has been described. FZD3, which was also mapped in the critical region (32), could be positioned proximal to STX1A based on its hybridization to HSC7E797, which contained the D7S489-B locus. It is important to note that the clone contig currently covering the WS region is incomplete with at least one gap existing between D7S2476 and FZD3. In addition the YAC clones in this region are all inherently unstable (for example all cosmid and PAC mapping data indicate that a PMS2L locus must reside on HSC7E797, but upon repeated analysis the cDNA probe failed to identify the YAC). The order of the six duplicated markers highlighted by boxes is not certain, and we predict that the D7S1778 locus (underlined) near D7S489-B will be identified (it has yet to be found in the existing clones) based on the fact that it is present in the most centromeric and telomeric duplications. EST IB291 has now been identified to be part of the BAP-135 gene. It should be noted that STS content maps of this region of 7q11.23 (2, 9) are inaccurate. The region deleted in most WS patients is shown as a stippled box, but in some individuals a larger deletion has been observed, the boundaries of which extend to an interval covered by the open boxes. The complete list of 200 cosmids, 17 YACs, and 23 PACs specific for PMS2L and further details on the clone contigs are available at http://www.genet.sickkids.on.ca/chromosome7/.
and Charcot-Marie-Tooth disease type 1A (CMT1A) tion of the 7q22 PMS2L loci would lead to mismatch repair and malignancy. The q22 interval of chromo- (3, 24) . Other examples of repeated regions flanking genomic intervals prone to unequal exchange and in-some 7 demonstrates a preponderance for chromosome breakage and in at least four cases of acute leukemia trachromosomal deletion have been described at the with constitutional inversions, [inv(7)(q11.2q22)] (Ref. Emery-Dreifuss muscular dystrophy (28), spinal mus-29 and our unpublished data), it is tempting to specucular atrophy (16), juvenile nephronophthisis (12), faclate that the rearrangement might arise by intrachrotor VIII (14) , and distal Xp loci (1, 34) . The exact mechamosomal recombination between hPMS gene clusters. nism and the DNA sequences involved in the rear-
The elucidation of the complete DNA sequence of the rangements in WS remain to be elucidated.
genomic clones containing PMS2L loci will resolve the The PMS2L8 gene at 7q22 also appears to reside in exact number, organization, and evolution of this gene a region near the CUTL1 gene that is frequently defamily on chromosome 7. leted or rearranged in leiomyomas (35) and in some myeloid leukemias (6, 11, 29) . While it has been shown that some of the PMS2L genes on chromosome 7 are ACKNOWLEDGMENTS transcribed (8, 17), so far, only hPMS2 has been demonstrated to encode a functional protein. 
